Identifying factors that affect the self-assembly of Aβ (amyloid-β peptide) is of utmost importance in the quest to understand the molecular mechanisms causing AD (Alzheimer's disease). Ca 2 + has previously been shown to accelerate both Aβ fibril nucleation and maturation, and dysregulated Ca 2 + homoeostasis frequently correlates with development of AD. The mechanisms regarding Ca 2 + binding, as well as its effect on fibril kinetics, are not fully understood. Using a polymerization assay we show that Ca 2 + in a dynamic and reversible manner enhances both the elongation rate and fibrillar stability, where specifically the 'dock and lock' phase mechanism is enhanced. Through NMR analysis we found that Ca 2 + affects the fibrillar architecture. In addition, and unexpectedly, we found that Ca 2 + does not bind the free Aβ monomer. This implies that Ca 2 + binding requires an architecture adopted by assembled peptides, and consequently is mediated through intermolecular interactions between adjacent peptides. This gives a mechanistic explanation to the enhancing effect on fibril maturation and indicates structural similarities between prefibrillar structures and mature amyloid. Taken together we show how Ca 2 + levels affect the delicate equilibrium between the monomeric and assembled Aβ and how fluctuations in vivo may contribute to development and progression of the disease.
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INTRODUCTION
Elucidating the mechanisms underlying self-assembly of Aβ (amyloid-β peptide) is important in order to understand the fundamental aetiology of AD (Alzheimer's disease). Aβ is derived via the sequential cleavage of the APP (amyloid precursor protein) by β-and γ -secretases [1] . This proteolytic excision generates a range of different peptide variants between 36-43 residues in length. The most clinically relevant Aβ variants contain residues 1-40 (Aβ ) and 1-42 (Aβ ) [2] . The Aβ peptide is natively disordered and has a high propensity for aggregation into cross-β amyloid fibrils through a nucleationdependent mechanism. Insoluble Aβ fibrils form amyloid plaques within the AD brain and provide a strong histological hallmark of the disease. The propensity of Aβ peptides to aggregate is highly correlated with the peptide length and sequence. The Aβ variant is less abundant than Aβ , but exhibits a significantly higher propensity for aggregation [3] . Aβ self-assembly is also affected by external factors and, interestingly, the Aβ peptide has a strong affinity for certain metal ions. High levels of Cu 2 + , Zn 2 + , Fe 2 + and Al 3 + are frequently found in amyloid plaques [4, 5] . The binding of metals to Aβ significantly affects both its rate of aggregation and the resulting structure of the aggregates formed. Different metals have vastly different effects. For example, Al 3 + and Fe 3 + promote an increased rate of Aβ fibril formation [6] [7] [8] , whereas Cu 2 + and Zn 2 + have both been shown to induce the formation of amorphous aggregates that dissociate upon chelation [8] [9] [10] .
A large body of evidence suggests that the disturbance of Ca 2 + homoeostasis within the central nervous system is an important pathological feature of AD [11] [12] [13] [14] . Ca 2 + also directly affects Aβ peptide aggregation, promoting faster conversion of proto-fibrillar structures into mature amyloid fibrils [15] , as well as accelerating the formation of oligomeric assemblies [16] . Ca 2 + is critical to many physiological processes, and is ubiquitously present in the serum and cerebrospinal fluid, as well as within intracellular compartments such as the ER (endoplasmic reticulum) and the Golgi apparatus. Further, Ca 2 + is present at various concentrations during the complete chain of events leading to Aβ deposition, from the excision of the Aβ peptide from APP to deposition as mature amyloid. Therefore it is important to fully characterize the interaction between amyloid and this abundant ion.
Through SPR (surface plasmon resonance) analysis using a polymerization-based assay, we show that Ca 2 + , in a dynamic and fully reversible manner, increases the rate of extension and fibrillar stability. In detail we show that Ca 2 + enhances the rate of association and decreases the rate of dissociation, and we specifically show that the rate of Aβ isomerization during the 'dock and lock' phase is faster in the presence of Ca 2 + . Through quenched H/D (hydrogen/deuterium) exchange in combination with NMR, we show that Ca 2 + has a small, but notable, effect on the structure of the N-terminal part of the peptide when assembled in its fibrillar form, but that the overall architecture is preserved. Intriguingly, solution-based NMR measurements demonstrate that Ca 2 + is unable to bind the Aβ monomer. Taken together we show that levels of Ca 2 + have a direct, and dynamic, impact on the rate of fibril formation and fibril stability as well as the concentration of free monomeric peptides in solution. These results imply that Ca 2 + mediates intermolecular interactions between adjacent peptides, which contributes to an increased rate of fibrillar elongation and provides a molecular explanation to the enhancing effect of Ca 2 + with regard to conversion of fibrils into protofibrils.
Full-length Aβ peptides, including isotope-labelled variants, were obtained from AlexoTech AB. Peptides were solubilized in 10 mM NaOH (pH 12), followed by the addition of NaCl (final concentration, 150 mM) and adjustment of the pH to 7.4 using Tris buffer. To ensure a monomeric preparation Aβ as well as Aβ were separated on a size-exclusion column (Superdex G200, GE Healthcare) in 20 mM Tris (pH 7.4) and 150 mM NaCl. All fibrillar forms were prepared according to the same procedure in which monomeric Aβ peptide (100 μM) was incubated at 37
• C with agitation for 48-96 h.
AFM (atomic force microscopy)
Prior to AFM analysis, all fibrillar samples were briefly sonicated in a bath sonicator for 30 s to disassemble the larger aggregates. An aliquot of each sample was diluted in water to approximately 500 nM and applied to freshly cleaved ruby red mica (Goodfellow). All non-fibrillar samples, including the freshly prepared monomeric Aβ and Aβ 1-42 peptides, were incubated in the presence or absence of Ca 2 + and then applied to the mica surface at a concentration of 500 nM without sonication. All samples were allowed to adsorb for 30 s. The mica was then washed with distilled water three times and air-dried. Analysis was performed using a Nanoscope IIIa multimode AFM TM (Digital Instruments) in tapping mode in air. A silicon probe was oscillated at approximately 300 kHz and images were collected at an optimized scan rate corresponding to 1-4 Hz.
SPR
Different fibrillar forms of Aβ peptides were immobilized at a density of 2000-5000 RU (response units) on a CM5 chip (GE Healthcare) using standard amine-coupling chemistry at pH 5.0. Analysis of Aβ peptide binding was performed using a Biacore 3000 system (GE Healthcare) at a flow rate of 20 μl/min in TBS [Tris-buffered saline; 40 mM Tris (pH 7.4) and 150 mM NaCl] at 25
• C. Sensograms were corrected for non-specific interactions using a reference surface and double referencing [17] . To determine the decay of the Aβ fibrils, a second-order exponential model was used: Ae k f ast + Be kslow + C , where A and B are the percentage of k fast and k slow respectively and C is a constant required for an optimal fit and represents a fraction of the material that does not dissociate from the template on a very long time scale, this value was less than 10 %.
Affinity determination between free peptide and the amyloid fibre using SPR Measurements of the binding affinity between free Aβ monomers and the corresponding amyloid fibril is not straightforward, as the saturation of monomer binding cannot be reached. However, since the concentration of fibrils is constant during polymerization, the monomer dissociation constant will be equal to the free concentration (critical concentration) of monomers at equilibrium. The critical concentration of monomers can consequently be determined by using known concentrations of Aβ monomers in the running buffer during the dissociation phase [18] [19] [20] . Extension of Aβ fibrils was initiated by the injection of Aβ monomers (1 μM) on to pre-formed immobilized fibrils at a flow rate of 20 μl/min in TBS at 25
• C for 1 min, followed immediately by the injection of Aβ monomer solutions • C on a 600 MHz Bruker AVANCE spectrometer equipped with a 5-mm triple-resonance pulsed-field Z-gradient cryoprobe. Recorded experiments were processed using NMRPipe [21] , and peak positions and intensities were determined in NMRView [22] . The weighted average of the 1 H and
and the ratio of peak intensities between the different experiments were derived and presented in a residue-specific manner by using the software Grace (http://plasma-gate.weizmann.ac.il/Grace), together with previously reported 1 H and 15 N chemical shift assignment [23] .
Quenched H/D exchange and NMR analysis of Aβ

1-40
To evaluate the potential effect of Ca 2 + on fibrillar amyloid, 15 N-labelled Aβ 1-40 (100 μM) was dissolved as described above and incubated under agitation at 37
• C in TBS in the presence or absence of Ca 2 + (10 mM) over 4 days. To probe solvent accessibility, aggregate/fibrillar solutions of each peptide type were split into two fractions and recovered by brief centrifugation (20 000 g). H/D exchange was carried out on one of the fractions by diluting the pellets 30 times using a 2 H 2 O solution [20 mM Tris and 150 mM NaCl (pH 7.0)] followed by a 24 h incubation at 37
• C. The second fraction was used without further treatment as a fully protonated reference sample with which to identify and exclude amide exchange resulting from the experimental procedure (i.e. highly exposed amides within the monomeric state). At the end of the incubation period, and immediately prior to NMR analysis, Aβ assemblies were recovered by brief centrifugation (20 000 g) and rapidly converted into NMR-detectable monomers using an optimized solution of hexafluoroisopropanol as described previously [24] . Hydrogen exchange was subsequently monitored by recording a series of heteronuclear two-dimensional ( 15 N)-HSQC experiments, typically beginning 7 min after fibril dissolution. All experiments were performed at 15
• C on a 600 MHz Bruker AVANCE spectrometer, equipped with a 5-mm tripleresonance pulsed-field Z-gradient cryoprobe. The acquisition time for each ( 15 N)-HSQC experiment was 10 ms using four transients per increment and 128 (t 1 )×1024 (t 2 ) complex data points. Prior to each ( 15 N)-HSQC experiment, a one-dimensional proton NMR spectrum was acquired to quantitatively monitor the disassembly of fibrils into monomers. Protection ratios and experimental errors were determined as described previously [10, [24] [25] [26] [27] .
RESULTS
Faster polymerization kinetics in the presence of Ca 2 +
Fibril polymerization of Aβ follows a template-dependent 'dock and lock' mechanism in which a Aβ peptides are sequentially added to the fibrillar ends [20, [28] [29] [30] . This effect can be monitored using SPR, whereby pre-formed Aβ fibrils are immobilized on a surface and are exposed to free monomeric peptides. Figures 1(A)  and 1(B) show a representative example of an SPR sensogram in which mature fibrils formed from Aβ or Aβ 1-42 variants were exposed to their corresponding free peptides. The initial increase in SPR response arises from the association phase, during which Aβ peptide monomers associate with the ends of the fibrils. The association kinetics are described by the association rate constant (k on ) and the dissociation rate constant (k off ). The presence of 10 mM Ca 2 + increases the rate of polymerization (k on ) for both Aβ or Aβ ( Figures 1A and 1B) . To quantitatively determine the increase in association rate from the addition of Ca 2 + , we determined the rates for peptide concentration ranging between 0.25 to 2 μM. The Ca 2 + -induced increase in the polymerization rate was more pronounced for The dissociation of both Aβ 1-40 and Aβ 1-42 followed a biexponential decay in which an initial rapid decay (k fast ) was followed by a slower decay (k slow ). This is shown in detail in Figures 1(E) and 1(F). Interestingly, the addition of Ca 2 + significantly reduced the k fast component as well as its proportion of the curve. With regards to Aβ , the k fast rate component was between 0.050 s − 1 and 0.020 s − 1 and its proportion of the curve diminished from 14 % to 3.6 %. The k slow rate decreased 4-fold from 0.00080 s − 1 to 0.00021 s − 1 in the presence of Ca 2 + . Overall, the dissociation rate was approximately 4-fold slower in the presence of Ca 2 + . The effect is also pronounced for Aβ ( Figure 1F ) and in the absence of Ca 2 + the Aβ 1-42 k fast and k slow were 0.013 s − 1 and 0.00034 s − 1 respectively, and the initial k fast was only 6 % of the total decay. The presence of 10 mM Ca 2 + strengthened the fibril association to such an extent that no dissociation of Aβ 1-42 could be detected over the duration of the experiment. It is relevant to note that no difference was observed when comparing fibrils that were pre-formed in either the presence or absence of Ca 2 + prior to immobilization (results not shown).
Association rate as a function of [Ca 2 + ]
The association of free Aβ peptides to immobilized fibrillar Aβ is a concentration-dependent process. Figure 2(A) shows the effect of varying the Ca 2 + concentration on the association rate of Aβ at a constant peptide concentration. The association rate increases with increasing free Ca 2 + , with a midpoint of approximately 4 mM.
The enhancing effect of Ca 2 + upon Aβ polymerization is reversible
The binding of Ca 2 + clearly enhances incorporation of monomeric Aβ into a fibrillar form as explicitly shown in Figures 1(E) and 1(F). We next wanted to investigate the reversibility of this reaction and to analyse whether the fibrils formed in presence of Ca 2 + are locked into this conformation irrespective of the bound metal. To determine whether the stabilizing effect of Ca 2 + is reversible or if the fibrils assembled in the presence of Ca 2 + also acquire a greater stability in the absence of the metal we monitored the fibrillar dissociation rate after Ca 2 + removal. Fibrillar Aβ was produced on the surface in the presence of Ca 2 + , as described above. The metal was subsequently removed and the dissociation rates were monitored. Figure 2(B) shows that the dissociation rates significantly increase upon the removal of Ca 2 + from the running buffer, supporting that the stabilizing effect from Ca 2 + binding is reversible. The curve is corrected for the mass of free Ca 2 + bound to the fibrils. Determining the interaction between free Aβ monomer subunits and an amyloid fibril is non-trivial using SPR, as a polymerization reaction is not associated with a point of saturation. However, since the concentration of fibrils is constant during the polymerization phase, the monomer dissociation constant will be equal to the free concentration (critical concentration) of monomers at equilibrium [18, 19] . The concentration of free Aβ monomer can consequently be determined by SPR using co-injection techniques that allows for the determination of the free monomer steady-state concentration where no dissociation occurs. We modulated dissociation by using different concentrations of monomeric Aβ peptide in the running buffer during the decay phase. The ligand concentration at a steady state reflects the free concentration of Aβ monomers at equilibrium and consequently also the affinity of the monomer-fibril interaction [31] . The K d value for the binding of monomeric Aβ to Aβ fibrils was 100 nM ( Figure 3A) , whereas, in the presence of 10 mM Ca 2 + , the K d value decreased to 25 nM ( Figure 3B (Figure 4) , suggesting that a possible interaction does not induce any significant conformational changes in the peptide backbone. This unexpected result prompted us to investigate the side-chain regions using additional one-and two-dimensional proton-proton NMR experiments. As Ca 2 + preferentially binds to the carboxy groups of either aspartic acid or glutamic acid residues, it was surprising to observe no change in the chemical shifts of these residues. Instead, we observed small chemical shift changes for the resonances belonging to the side chains of His 6 , His 13 and His 14 (results not shown). The histidine side chain is, however, generally very sensitive to environmental changes and the small observed shifts are therefore most likely to be caused by the change in ion strength. Taken together it is unlikely that Ca 
using NMR
The difference in polymerization kinetics between Aβ fibrils formed in the absence or presence of Ca 2 + indicated that there Table. The stabilizing effect of Aβ in the presence of 10 mM Ca 2 + is very strong and prevents determination of the decay rates.
could be potential differences in the fibrillar structure depending upon the polymerization conditions. We have previously developed a technique based on quenched H/D-exchange NMR to monitor the architecture and dynamics of Aβ assemblies. This method identifies the residues involved in hydrogen binding within the fibrillar core in a quantitative manner [10, 20, 25] . in the Aβ 1-40 fibrils formed in the presence of Ca 2 + lost their solvent protection, indicating a more exposed architecture due to Ca 2 + binding within this region. These data support the suggestion that Ca 2 + affects the fibril structure.
Ca 2 + does not affect fibrillar morphology
To evaluate the putative morphological alterations caused by Ca 2 + binding, Aβ and Aβ aggregates formed in either the presence or absence of 10 mM Ca 2 + (pH 7.4) were analysed using AFM (Figure 6 ). These results clearly show that the fibrillar morphology, in accordance with previous investigations [15, 16] , was preserved in all cases and did not indicate any significant morphological changes as a function of Ca 2 + .
DISCUSSION
Altered Ca 2 + homoeostasis has frequently been reported as an important feature of AD pathology [12, 13, 33, 34] . Through the metal-binding properties of the Aβ peptide, the Ca 2 + ion directly influences Aβ and has previously been shown to promote the formation of Aβ protofibrils as well as their maturation into amyloid [15, 35] . Ca 2 + is ubiquitously present in vivo and therefore represents an interesting modulator of Aβ assembly where fluctuations in its concentrations may possibly have direct influence on the aggregation propensity of Aβ and consequently also on initiation and course of the disease. In light of these findings, we have conducted a detailed analysis regarding the binding of Ca 2 + to Aβ within both its monomeric and fibrillar forms. We have moreover analysed the effect of Ca 2 + during the polymerization into fibrils and showed that physiological concentrations of Ca 2 + both enhance the rate of peptide association and decrease the rate of dissociation. This phenomenon significantly increases the stability of the fibril. Interestingly, the effect is fully reversible, removal of Ca 2 + restored the original properties of the system. This finding provides a molecular explanation for the reported links between AD and disturbed Ca 2 + homoeostasis and implies that, in the presence of fibrils, Aβ monomer levels are greatly influenced by the concentration of Ca 2 + . SPR represents a powerful technique to monitor protein interactions where subtle details regarding binding kinetics can be monitored. Using a polymerization assay where Aβ fibrils were immobilized on the SPR surface, the polymerization process can be monitored in detail through the controlled addition of free monomers in the solute. We showed that the presence of Ca 2 + significantly enhanced the association rate of both Aβ 1-40 and Aβ . The dissociation rate of Aβ was found to be biphasic, with an initial phase of faster decay. A biphasic decay has previously been described with regards to Aβ polymerization and can be explained by the isomerization that occurs during the 'dock and Protection is defined as the ratio of the observed signal intensity after a 24 h pre-incubation period in H 2 O 2 to the signal intensity in a completely protonated reference sample. Protection in the reference sample is defined as 100 %. Circles correspond to residues with 0 % protection and crosses to residues where exchange was too fast for detection. Pale grey bars indicate overlapping residues with ambiguously assigned protection ratios. Error bars indicate the experimental uncertainty given by the measurements. lock' process, during which peptides are incorporated into the fibrillar fold [29] . During this initial phase, the energetically optimal interaction between the fibril has not yet been attained. This results in a lower affinity and a higher rate of dissociation, denoted k fast . The k fast value is followed by the slower phase, k slow , which represents a tighter binding, and at this stage the energetically optimal conformation has been attained. The addition of Ca 2 + clearly diminishes both the k fast and the k slow phase, where Ca 2 + binding consequently increases both the rate of isomerization during peptide incorporation as well as the binding strength between peptides within the fibril.
Given the stabilizing effect of Ca 2 + on Aβ fibril formation, it is interesting to investigate its influence on fibrillar assembly at a sequence-specific level. In a previous investigation, we used an H/D-exchange NMR approach to show that the presence of either Cu 2 + or Zn 2 + greatly affected the structure of Aβ [10] . Morphological studies have shown, however, that Ca H/D-exchange experiments, we found that the amide-hydrogen protection pattern, reflecting the secondary structure of Aβ fibrils, only shows small differences in the absence compared with the presence of Ca 2 + . These data suggest overall preserved fibrillar architecture. However, in the presence of Ca 2 + , the N-terminal region of the peptide was more solvent exposed, resulting in an increased solvent exposure of Gly 9 concentrations may influence Aβ assembly, as the location of Aβ production is not fully elucidated. The excision of Aβ from APP has been shown to occur within both the ER and the Golgi, as well as in the endosomal/lysosomal pathway and consequently Aβ are exposed to significantly different Ca 2 + concentrations depending on its site of location. The Ca 2 + gradient within the ER is predominantly controlled by the SERCA (sarcoplasmic/endoplasmic reticulum Ca 2 + -ATPase) through InsP 3 [36] and ryanodine receptor signalling [37] . Interestingly, mutations in the PS1 (presenilin-1) and PS2 (presenilin-2) systems, associated with familial early-onset AD, frequently affect the SERCA pump and result in a strong Ca 2 + increase within the ER lumen [38] . The situation is, however, complex, since PS1 and PS2 are also involved in γ -secretase activity and mutations linked to earlyonset AD are associated with the increased γ -secretase activity that results in increased Aβ levels [39] . Fluctuations in Ca 2 + levels, either being intra-or extra-cellular, therefore need to be considered as a parameter regarding the propensity to develop AD. A study of the extracellular environment as represented by CSF (cerebrospinal fluid) revealed no difference in the total Ca 2 + levels between AD patients with age-matched controls [40] . Ca 2 + levels within the CSF can, however, fluctuate due to external factors and, interestingly, the apolipoprotein ε4 variant, a known risk factor for the development of AD, is associated with lower Ca 2 + levels following subarachnoid haemorrhage [41] .
The tissue-damaging effect of Aβ assemblies is intriguing. Fibrillar assemblies have been shown to exert a cytotoxic effect on cultured neuronal cells; however, soluble assemblies of Aβ, frequently denoted oligomers, exerts a much stronger cytotoxic effect and are believed to represent the major tissue-damaging Aβ species in the pathology of AD [42, 43] . Aβ oligomers, however, represent a heterogeneous group of soluble Aβ assemblies [44] .
Their corresponding structures are largely unknown. However, the previous finding regarding a catalysing effect of Ca 2 + in the conversion of protofibrils into mature amyloid [15] is in accordance with Ca 2 + being a mediator of intermolecular interactions and where fibrils represents the energetically most favourable state. We can report the same effect of maturation using oligomeric assemblies between 50 and 100 kDa prepared as described in [45] as well as Aβ oligomers derived from a recently developed yeast-based system [46] . Interestingly, the enhanced maturation effect from low-molecular-mass oligomers to fibrils, is observed also at 5 nM Aβ concentration, which is a 20 000-fold lower concentration than found previously (results not shown). The inability of Ca 2 + to bind monomeric Aβ and the enhanced maturation effect suggested, however, that the analysed oligomers are in equilibrium with a structure close to the fibrillar architecture and where the fibrillar conformation represent an overall more energetically favourable state.
In conclusion we show that Ca 2 + , in a dynamic and reversible manner, enhances fibril elongation rate and fibrillar stability. In detail, Ca 2 + decreases the isomerization step during the 'dock and lock' process, facilitating a more efficient incorporation of free peptides into the fibrillar form. The dynamic properties of the system moreover implies that levels of Ca 2 + have a direct impact on the rate of fibril formation and fibril stability as well as the concentration of monomeric peptides in solution. From a mechanistic point of view we show that Ca 2 + is impaired to bind the Aβ monomer. These results suggest that Ca 2 + probably mediates the intermolecular interactions between adjacent peptides, which contributes to the increased fibrillar elongation rate and stability. This also suggests structural similarities and interconversion between prefibrillar assemblies and mature amyloid and a mechanistic explanation to the previously reported enhanced effect on fibril maturation. Alterations of the Ca 2 + levels consequently affect the delicate equilibrium between the monomeric and assembled Aβ and may hence contribute to development and progression of the disease.
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